Crystal structure, Solid sta te reaction m echanism Crystalline N -(para-chlorophenyl) phthalanilic acid undergoes a topochem ical cyclization reaction w ith the elim ination of w ater yielding crystalline N -(para-chlorophenyl) phthalim ide. The crystal stru ctu re of the im ide p ro d u ct has been determ ined and com pared to the previously determ ined stru ctu re of th e rea cta n t. The reaction from this p articu lar crystalline phase of N-(para-chloroplienyl) phthalanilic acid is enhanced by th e presence of a high energy molecular conform er of th e acid, little m olecular m otion necessary for reaction, and only a m inor rearrangem ent required to pack into th e imide stru ctu re after the reaction. A detailed m olecular m echanism for th is reaction is proposed involving some bond rotation, b u t little m ovem ent ol
Introduction
Crystalline phthalanilic acid and its phenyl substituted derivatives undergo a cyclization (with elimination of water) to give the corresponding crystalline phthalimide. This reaction, indicated below, is of particular interest because it is topo chemical ; th at is, the molecular orientations in the product and reactant are correlated1.
The p -chloro derivative is of further interest because the acid itself crystallizes in two distinct crystalline phases: Phase I crystallized from acetone and Phase II from methanol. Phase I undergoes a phase change to Phase I I at room tem perature, the change being surface nucleated and proceeding via an intermediate ordered structure. The phase change * N ational Bureau of Standards, W ashington, D. C., USA.
R equests for reprints should be sent to Prof. J . B. L a n d o , D epartm ent of Macromolecular Science, Case W estern Reserve U niv., Cleveland, Ohio 44106, USA. th e molecule as a whole. results in an increase in density, a factor perhaps im portant in the subsequent reaction to form the imide. L a n d o has postulated th at the phase change represents a change from intra-to intermolecular hydrogen bonding, and occurs via a rotation about the long axis of the molecule2.
M o r n o n has determined the crystal structure of N-(para-chlorophenyl) phthalanilic acid3in P hasell. The unit cell is monoclinic: a =10.60; &=9.35; c = 27.08; ß = 102.5° with space group P 2 i/c. There are two molecules in the asymmetric unit of structure. The two molecules are not identical, but differ by a 31-degree rotation about the nit rogenphenyl bond. Also the orientations of the molecules in the unit cell are different. These molecules are illustrated in Fig. 1. Fig. 2 indicates schematically the hydrogen bonding proposed by M o r n o n . Note th a t the hydrogen bonds are indeed intermolecular in accordance with L a n d o 's concept of Phase II, and are between the layers of the molecules as they stack in the unit cell. Inspection of CPK models of the acid, however, does not indicate any sterically allowed conformation of the molecule in which intramolecular hydrogen bonds might exist, as would be necessary for Phase I, if L a n d o 's postu lation of the phase change were correct . Sterically allowed conformations do not have the proper angular requirements to form good, near-linear hydrogen bonds. Noting th a t two distinct con formations are necessary to form the intermolecular hydrogen bonds, it might be reasonably postulated th a t the phase change represents a transition from a structure having identical molecules and poor or no hydrogen bonds to a structure which allows good hydrogen bonding. This postulate is also in keeping with the type of solvents which give Phase I (acetone) and Phase II (methanol). The molecule would likely be hydrogen bonded to the methanol solvent and thus more conformationally open to allow easy formation of intermolecular hydrogen bonds upon inclusion in the crystal. In acetone, on the other hand, the molecule would be more compressed on itself (perhaps even the badly conformed intramolecular hydrogen bonds are better than those to the solvent), making the intermolecular hydrogen bonds more difficult to form when the molecule joins the growing crystal.
Against this background of fact and speculation on molecular conformation, the solid state reaction to the imide must be considered. L a n d o indicates th a t the conversion apparently proceeds from Phase II of the acid to the imide2. (Phase I, on heating to the reaction temperature, apparently transforms rapidly to Phase II and then forms the imide.) Of particular interest in this reaction is th at it is topochemical despite the formation of water which must diffuse out of the crystal. The product is a three dimensional oriented array of crystallites, or in other words, a single crystal with a relatively disordered mosaic structure. L a n d o indicates th at even the m ethyl ester of phthalanilic acid reacts topochemically, yielding the imide and methanol2. This diffusion apparently occurs parallel to the long axis of the molecule. This is reasonable from a molecular viewpoint because the long axis does not change significantly during the reaction while quite drastic changes occur in the directions perpendicular to the long axis. Such changes would lead to small voids parallel to the molecular axis, providing a route for the water to diffuse out of the crystalline regions. That such voids do form is indicated by the density change which occurs during the reaction. The crystalline density increases while the physical size of the crystal remains unchanged. Thus, there must be some regions in the crystal which become less dense -th at is, voids form. Note th a t the term "void" here is used in the sense of vacant space between small crystallites in a mosaic and by no means indicates a vacant site within a crystal.
W ith the information in hand concerning the phase change in N-(para-chlorophenyl) phthalanilic acid, and with a qualitative idea of what must occur during the topochemical reaction, it would seem th a t a complete picture of this system can be obtained only when the crystal structure of the imide is known. Thus it is our goal to determine this structure and thereby to obtain some insight into what mechanism m ust occur at the molecular level during the cyclization reaction. The question of why Phase II is a necessary precursor to the topo chemical reaction whether the void formation, hydrogen bond formation, or molecular orientation is the overriding consideration, should be answered to some extent. [The structure determination of Phase I of the acid is now underway.] The structure determination of N-(para-chlorophenyl) phthalimide (NCPPI) was initiated by L a n d o 4 in 1963, using intensity data obtained by comparing the diffraction spots on Weissenberg photographs to a set of standard blacking spots. On the basis of the 36 zero layer (hkO) reflections he observed, he determined from an hkO Patterson map the position of the chlorine atom (3/16, 1/4) (and therefore the x and y coordinates of the other atoms in the molecule). Using standard bond lengths and bond angles, he obtained a reliability of 0.36 corresponding to a planar molecule, rotated 60° from the x -y plane, bout the line 3/ = 1/8. Since his calculations were done manually, L a n d o did not consider any three dimensional data.
As our own structure refinement was nearing completion, it came to our attention th a t M o r n o n has also looked at the structure of the imide5. Exam ination of the structure indicated in his note, however, reveal some unusual bond angles and bond lengths. A calculation using his structure and our intensity data gave an R of 0.18. It was felt th a t a more accurate and reasonable structure would be useful, and our own independent determination was completed.
Experimental
The crystal was obtained from a chloroformheptane solution. I t was a long thin needle, which, upon microscopic examination, proved to be some what of a platelet. I t was roughly 0.05 mm on each side perpendicular to the needle axis. The crystal was m ounted on a glass fiber and was aligned using oscillation photographs, so th at the needle direction (c-axis) was coaxial with the rotation axis of the goniometer. Zero and first layer Weissenberg photo graphs wrere examined to estimate approximate unit cell dimensions and to verify the space group of the crystal from the apparent systematically absent reflections.
Intensity data were collected using a Picker FACS-I system, consisting of a four-circle diffracto m eter controlled by a PDP-8/1 computer. The data were taken using a graphite monochromating crys tal. After locating and centering 12 reflections, accurate unit cell constants were determined by a least-squares refinement of the W, and 20 angles for those reflections. The unit cell parameters and other relevant crystal data are given in Table I . Intensity data were collected using the 20 angles for those reflections. The unit cell parameters and other relevant crystal data are given in Table I . Intensity data were collected using the 20 scan mode, scanning from one degree below to one degree above the calculated Bragg angle, at a rate of one degree/minute. Background counts were made for 20 seconds. Three reflections (800, 431, and 042) were used as standards and were scanned at thirtyreflections intervals. The standards showed no significant change over the course of the data collec tion. The d ata were collected over four octants: hkl, hkl, hkl, and hkl. I t was found th at reflections required by the space group to have equal inten sities, were indeed the same; thus, only the hkl data will be discussed in this report. In all, about 2000 reflections were scanned. The raw d ata were corrected for L o r e n t z and polarization effects, and absorption corrections were made using the method described dy K n o x 6. The standard deviation of the intensity was calculated for each reflection and a reflection was 'observed' if its intensity was greater than three times the stand ard deviation. One reflection (040) was sufficiently strong to require an attenuator during the data collection. I t wras not felt th a t the attenuation factor could be meaningfully determined on the basis of the single reflection, and this reflection was also removed from the refinement. Having eliminat ed those reflections which were systematically absent (also excluded on the basis of three times the standard deviation), 668 reflections were calculated as being observed.
During the structure refinement, the agreement between observed and calculated structure factors was characterized by the residual or reliability index R where riF o i-iF c i W ith these two trial positions in mind, a model of NCPPI was generated using standard bond lengths and bond angles to obtain a set of atomic positions relative to the Cl atom as the origin of the coordinate system. A utility computer program was used to place the molecule in any desired position in the unit cell and to orient the molecule, including independent rotation of the two planar rings. The nitrogen atom and the three carbon atoms bonded to it were held coplanar in these preliminary trials.
First attem pts to solve the structure using Fourier maps were made with isotropic tem perature factors for all atoms with B = 3.50. The rings were held coplanar. The position of the chlorine atom which gave the best R value for the hkO d ata was (3/16. 1/8), with the molecule extending in the positive x direction. The orientation found to be best was for the plane of the molecule to be rotated 60° from the x y plane, the rotation being about the molecular axis. The R for the 38 strongest hkO reflections was 0.12, and for the 114 observed hkO reflections R = 0 .2 9 . Looking at the three dimen sional data, R for the 175 strongest reflections was 0.32 and for all the data, 0.49. Since the strongest reflection data seemed to be in reasonable agreement an attem pt was made to refine the structure from this planar model of the molecule. Three cycles of least-squares refinement on the atomic coordinates and individual isotropic tem perature factors yielded a R value of 0.38 for the full d ata set, but gave unreasonable tem perature factors. Bond angles and bond lengths were also distorted to unreasonable values. Bearing in mind the good hkO agreement for this model, alternate models were sought which might yield better three dimensional results.
Noting th at the atomic positions in the hkO pro jection were rather insensitive to rotation about the molecular axis, models were examined wherein the rings were no longer coplanar. A reasonable model which had a very similar projection to the first model was one in which the imide ring was rotated 60° and the phenyl ring was rotated 150° to the xy plane; i.e. the ring planes of the molecule were perpendicular to each other. The R values for the hkO and hk data were, respectively, 0.35 and 0.51.
Three least-squares refinement cycles yielded R of 0.30. Once again, the tem perature factor of one of the phenyl ring carbon atoms "refined" to a value less than zero, while others also varied absurdly. Bond lengths and bond angles were distorted, but not to the extent of those in the previous model.
Recalling th a t a reasonable model might be one in which the direction of the molecule were reversed, a model with a*cl = 1/16 instead of ,rcl = 3/16, was tried. Refinement of this model also proved futile.
Faced with the ill-behaved tem perature factors and the poor hkl agreement, it seemed reasonable to once again look to the hkO data, this time attem pting to refine only the x and y fractional coordinates of the atoms and an overall tem perature factor. In the model having perpendicular ring-planes, the relia bility index for the hkO data dropped to 0.20. The value for the coplanar model was similar. Sub sequent three dimensional refinement of the per pendicular model yielded an R of 0.22. It was felt th at this model was indeed the best one thus far, and it was decided to devote full attention to the refinement of this model.
The refinement progressed by alternate steps of least squares cycles, Fourier maps (primarily difference maps), manual adjustm ent of various bond lengths and bond angles to chemically reasonable values, and adjustment of the ill-behaved tem perature factors. At a R value of 0.20, it was noted that fairly large peaks in the Fourier differ ence map appeared in the immediate vicinity of the chlorine atom. Further, adjustm ent of the isotropic tem perature factor for the chlorine atom did not alleviate this situation. Noting th at this atom could quite reasonably be highly anisotropic, vibrating primarily in the direction perpendicular to the phenyl ring, the chlorine atom was made anisotropic in further refinement cycles. The structure sub sequently refined to a reliability index of 0.13. Once again, large difference peaks were observed, this time in the vicinity of the oxygen atoms. Since these atoms are also pendant atoms, it seemed reasonable to allow these to be anisotropic also; a R of 0.11 was subsequently obtained.
Even with the agreement obtained thus far, the locations of the hydrogen atoms were not visible in the Fourier difference map. They were inserted geometrically by requiring the C-H bond to bisect the C-C-C angle and to be in the plane of those three carbon atoms. The hydrogens were given isotropic tem perature factors of 4.50. Their posi tions were not allowed to vary in the refinement cycles, but were updated manually as the carbon atoms shifted slightly. The tem perature factors were held constant. The reliability index dropped to 0.10 upon the inclusion of the hydrogen atoms.
Several points on the refinement process should be emphasized. First, the atoms in the imide ring and those in the phenyl ring were allowed at various times to be anisotropic, as was the entire molecule on occasion. According to the Ham ilton statistical tests, the very small improvements in R were not significant considering the added degrees of freedom made available by allowing anisotropy. Our refine ment allowed 87 variables (with 3 anisotropic atoms), while a fully anisotropic model allowed 162 degrees of freedom. I t was also felt th a t the ratio of data to variables was not sufficient to allow full anisotropy.
Second, while some tem perature factors refined reasonably well, others fluctuated drastically even in the final stages of the refinement. Particularly illbehaved were the ß 12 components of the anisotropic atoms. These problems can be related directly to our unfortunate choice of a very small crystal. The tem perature factors are especially sensitive to the reflections having large values of sin 0/A and large h, k, and I because the derivatives used in a leastsquares refinement contain either (sin 0/A)2 (iso tropic tem perature factors) or term s involving the squares of the Miller indices (anisotropic tem perature factors)7. These same reflections (high sin 6/?. and large h, k, and I) will be those most affected by a small crystal size. Since the dimensions of the crystal were very small in the a and b directions (c direction was the needle axis), it is consistent th at the ß 12 components are ill-behaved since these depend most strongly on h and k.
For the final structure, an unweighted R of 0.104 was obtained, and with unit weights, R w =0.106. The standard square deviation of election density was 0.039. The largest peaks in the difference map were equivalent to less than half an electron.
Direct methods
At the time when the structure determ ination had refined to an R = 0.20, before the introduction of an anisotropic chlorine atom, it was thought th at perhaps the model being used might represent a local minimum in R, and might be simply related somehow to the true structure. Since the structure was centrosymmetric, direct methods of structure determination were considered. The method of symbolic addition was used, as implemented in the programs FAME-MAGIC-LINK-SYMPL8. Seven reflections were assigned, three actual signs and four symbolic signs. These reflections are listed in Table II. W ith a probability level of 0.85, 233 reflections were assigned. Using all the possible sign combinations for A, B, C and D, contradiction indices for two combinations were much lower than those for the other combinations (see Table II ). Using 177 assigned reflections for Model I, an E map was produced. The atomic positions indicated by this map corresponded to those of the model we were already considering in the refinement attem pts. The E map produced by Model I I (168 reflections assigned) did not correspond to any possible model for the molecule under investigation. Thus the direct methods did not yield new information as far as the structure was concerned, but did provide encouragement th at our model was indeed a good one.
Results
The refined atomic positions and tem perature factors are listed in Table III . A picture of the molecule, made using the ORTEP program written by J o h n s o n 9 is shown in Fig. 3. Fig. 4 shows the packing of the molecules into the unit cell, and Fig. 5 indicates the bond lengths, bond angles and torsion angles in the molecule. The planes of the molecule were calculated using a least squares fit of the participating atom s to the equation AX + BY -f CZ = D. The best-fit planes, the stand ard deviations of the atom s from th a t plane, and the angles bet ween planes of the molecule are given in Table IV . The structure was scanned for close intermolecular contacts. There were no contacts closer than the sum of the atomic (van der Waals) radii present, nor were there any contacts (not involving hydrogen atoms) shorter than 3.0 A. The final observed and factors are listed in Table V. calculated structure
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Discussion
The structure which has been determined seems to be quite reasonable in all respects. All bond lengths are well within the usual variations observed in crystal structure analyses. Bond angles are likewise quite reasonable, with only one atom, C5 in the phenyl group, giving rise to some concern. Judging from the angles about this atom (see Fig. 5 ), it would appear th a t a better position might be one slightly displaced in the direction of H5, as indicated below:
Upon making such an adjustm ent, however, the R value increases by a small amount (from 0.104 to 0.106), indicating th a t the distorted position might be slightly better.
I t is interesting to note th a t the initial trial structure, the planar molecule at a 60° rotation, suggested by L a n d o , is indeed very close to the final result when it is viewed in projection. As indicated in Table IV , the dihedral angle between the two rings is 123°, and the rings are both 60° from the xy plane, although in opposite directions of rotation. The reason for the excellent fit of the planar molecule to the hJcO data is apparent when one considers th a t only a small portion of the electron density will be affected by any rotation from planarity -namely, the four non-axial carbon atoms in the phenyl group. Thus only tw enty per cent of the electrons were mislocated in the planar model, and these were only slightly displaced in their y-coordinate.
In Table VI are listed the least-squares planes and in Fig. 6 are indicated the im portant torsion 1 03  13  1 1  62  -61  5  2 2  22  1 6  2  3 0  65  72  1 3  3 2  20  -19  4  4 2  43  40  20  4 1  15  13  5  0 2  24  -1 9  2  1 1  19  18  13  1 3  17  -16  5  2 3  1 6  1 0  2  3 1  17  14  13  3 3  18  21  4  4 4  30  25  20  4 2  26  -2 8  6  0 0  69  -74  2  1 2  66  -61  13  1 4  32  -36  5  2 5  13  10  2  3 3  12  -1 5  14  3 0  71  66  6  4 0  41  -42  20  4 4  16  -16  6  0 2  45  47  2  1 3  42  43  14  1 0  93  92  6  2 1  1 3  1 5  2  3 5  30  -34  14  3 2  27  23  6  4 1  86  87  22  4 1  27  32  6  0 4  26  27  3  1 1  71  -6 6  14  1 2  20  19  6  2 2  14  -12  3  3 1  81  77  14  3 3  15  13  7  4 2  20  -26  22  4 2  14  -12  7  0 4  34  30  3  1 2  62  -52  15  1 4  14  -1 1  6  2 3  24  22  3  3 2  1 1  3  15  3 2  21  19  7  4 3  33  30  23  4 1  1 1  1 0  8  0 0 157 -165  3  1 4  1 7  -18  16  1 0  13  12  7  2 1  78  -8 0  3  3 3  16  17  15  3 4  17  -15  7  4 4  26  -22  24  4 0  35  44  8  0 2  25  19  3  1 5  25  20  16  1 1  11  1 1  7  2 2  24  -23  3  3 4  43  -37  16  3 1  41  38  8  4 0  53  55  1  5 1  86  84  8  0 4  19  15  4  1 0  35  35  16  1 2  16  14  7  2 3  35  31  3  3 5  17  -9  16  3 2  22  25  8  4 1  39  37  1  5 2  21  1 9  9 0 nitrogenphenyl bond, examination of CPK models indicate some steric interference between one of the ring hydrogen atoms and the imide oxygen in Molecule 2, but not in Molecule 1. Evidently the steric hindrance encountered by Molecule 2 is ade quately compensated for by the formation of good intermolecular hydrogen bonds. On a conformational basis, neither Molecule 1 nor Molecule 2 is very close to a structure th a t would be required to allow the reaction to the amide. In either case, the change which must occur to allow formation of the water molecule is for the imide hydrogen to approach one of the acid oxygen atoms. Models show th a t only a slight rotation about the imide carbon -acid ring bond (C7-C8) is needed to bring the hydrogen to an exposed position, and a rotation of the C13-C14 bond will bring the oxygen atom into the proper position. Both required rotations are quite un hindered in the range necessary, sufficient energy being easily supplied by the therm al energy at 125 °C (reaction temperature). While the C7-C8 rotation involves a great deal of mass, there is no large scale motion because the axis of rotation and the N-phenyl-Cl axis are almost colinear, especially in Molecule 2. Of course, these same rotations bring the N and C 14 atoms into close proximity, allowing the formation of the N-C bond, closing the five membered ring. The mechanism of the reaction which is suggested by the models is illustrated in Fig. 7 .
angles for the structure of the acid (Phase II) found by M o r n o n . Although the conformations of the molecules differ only by a rotation of 31° about the Fig. 7 . P o stu lated reaction m echanism for acid-imide conversion. The orientation of the acid ring in Molecule 2 is almost the same as th at found for the fused rings in the imide -the plane of the ring makes the same 60° angle with the xy plane. This strongly suggests that, a t least in Molecule 2, the rotation leading to reaction does indeed involve the chloro-phenyl end of the molecule. In Molecule 1, a 13 degree rotation of the acid ring is required to achieve the imide orientation, indicating th at the reaction probably goes with both ends of the molecule rotating with O i i respect to the near-planar N-C group. Since the changes in orientation for both molecules are relatively small, the lateral rearrangement leading to the diffusion voids must arise from the geometric changes accompanying the N-C bond formation and ring closure and the subsequent repacking of the molecules.
The picture th at emerges then for the molecular processes in the crystal from its crystallization from acetone through the imide reaction is as follows: First, the molecules crystallize in a conformation probably similar to Molecule 1, th at conformation having very little steric interference. Then, begin ning possibly at a surface or internal defect , half of the molecules twist slightly to form intermolecular hydrogen bonds. This twisting causes an increase in the internal steric energy, and at the same time brings the acid end of the molecule into an orienta tion which will be acceptable for the imide. On heating, the type 2 molecules will be more suscep tible to thermally induced rotation due to the steric interactions already present. The therm al rotation leads to the chemical reaction, yielding the imide and water, and breaking some of the hydrogen bonds to neighboring molecules. These neighbors are then more free to undergo the rotations neces sary to react to form the imide. The imide, no longer having the bulky acid group, has a more regular shape and can rearrange slightly and pack in the structure determined in this study. This rearrange ment disrupts the crystal and leads to the formation of small voids, breaking the single crystal into small crystallites. The water formed in the reaction diffuses away through the voids.
Conclusion
This study has determined the molecular struc ture and packing of N-(para-chlorophenyl) phthalimide. Moreover, when coupled with our knowledge of the structure of the acid and with appropriate study of molecular models, this study strongly suggests the nature of the phase change and its correlation with the solid state reaction. The tendency for the reaction to proceed from Phase II to the imide, even wrhen Phase I is the initial structure in the crystal, seems to be due to three factors: 1) higher internal molecular energy in the type 2 molecules,
2) less atomic motion required in rotating the chlorophenyl end of the molecule, and 3) less rearrangem ent required to pack into the imide structure after the reaction.
The voids, which wT ould form were the reaction to proceed from either Phase I or Phase II of the acid, probably enhance the reaction to the imide by allowing the water molecules to escape the site of the reaction. Finally, it should be noted that changes in morphology during the phase change may account for part of the enhanced reactivity of Phase I I 2.
